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Abstract 
The dynamic of cavitation in hydraulic components cannot be computed accurately yet 
and therefore cavitation is hard to predict. The cavitation phenomenon can be divided 
in three sub-phenomenona: Pseudo-cavitation, Gas-cavitation and Vapour-cavitation. 
Pseudo-cavitation discribes the enlargement of an air bubble due to a pressure drop. 
Gas-cavitation refers to bubble growth which is driven by diffusion of dissolved air from 
the surrounding fluid into the bubble, when the solubility of air in the fluid is lowered by 
a pressure drop. Vapor-cavitation is the evaporation of the liquid phase on the bubble 
surface. Usually all three sub-phenomenona occur simultaneously when the pressure 
decreases and are summarised as cavitation in general.  
To implement the physics of gas-cavitation in a dynamic mathematical model it is 
necessary to know the diffusion coefficient of air in the hydraulic liquid and the 
maximum amount of air which can be dissolved in the liquid. The calculation can be 
accomplished by using the Bunsen coefficient. In this paper both coefficients for three 
different hydraulic oils are calculated based on experimental results. 
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1. Introduction 
Any liquid can dissolve a specific amount of air, which is proportional to the pressure in  
liquid and air phase. In hydraulic systems local pressure can vary from mbar to kbar 
inducing large fluctuations in the solubility of air. A pressure drop reduces the solubility 
of dissolved air and causes air to outgas into air-filled bubbles within the hydraulic 
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system. The collapse of these bubbles leads to heavy damages of the hydraulic system 
and is known as cavitation. To calculate the growth or shrinking velocity of an air-filled 
bubble two parameters are needed: the pressure dependent solubility of air and the 
diffusion coefficient. In the field of hydraulics the Bunsen coefficient is used to express 
the solubility of air. There are a few studies carried out on the Bunsen coefficient in 
hydraulic liquids within the last three decades. The diffusion coefficient is rarely 
investigated. 
In the recent paper three hydraulic oils are investigated on the diffusion and the 
Bunsen coefficient. The outline of the paper is as follows: Section 2 contains the 
presentation of a test rig and the experimental procedure. In Section 3 and 4 equations 
are derived to calculate both coefficients. In the final section a conclusion is drawn and 
an outlook is made for future works. 
2. Test rig and experimental procedure  
The experimental scheme is shown in Figure 1. The main component of the test rig is 
a chamber (3) which is filled with hydraulic oil and air. Its volume can be compressed 
by a piston of a pressure booster (2) which is operated via one 4/3-way-control valve 
(1). Two sensors are used to measure the temperature (5) and the pressure (4) within 
the chamber. Due to compression the pressure within the chamber rises and the 
solubility of air in oil is increased. The pressure increase therefore forces the air to 
dissolve into the oil. Thus, the diminishing air mass causes the pressure to drop 
continuously, which leads to a reduction of solubility. Hence, a new equilibrium 
between pressure and dissolved air is reached after a certain period of time  
 
Figure 1: Test rig operation  
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Since the dissolving process is based on diffusion and is expected to be very slow the 
pressure is measured for nine days. During this period the pressure booster piston has 
to be clamped against the chamber pressure when the pressure supply is switched off, 
which is achieved using a clamping shell (6). A Picture of the test chamber is shown in 
Figure 2. 
 
Figure 2: Test chamber 
Three different hydraulic oils are tested: a standard HLP 46, sunflower oil and a 
biodegradable synthetic ester. For the initial state in the test chamber air saturated oils 
are taken from barrels which were stored at ambient conditions (ܶ ൌ ʹͲιܥ, ݌ ൌ ͳܾܽݎ).  
Figure 3 shows the pressure over time for the three oils mentioned before. 
 
Figure 3: Pressure over time  
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The slight periodic fluctuation in the pressure curves is caused by temperature 
fluctuation between day and night. It is remarkable that all three oil types reach the 
same pressure equilibrium ݌ ൎ ͷǤͷ. In the following chapters equations are derived 
to calculate the Bunsen and the diffusion coefficients using the measured pressure 
data. 
3. Bunsen coefficient 
In this chapter the first part deals with deriving equations to calculate the Bunsen 
coefficient using the measured pressure data. In the second part results are presented 
and compared to literature values. In chapter four the Bunsen coefficient is used to 
estimate the diffusion coefficient. 
3.1. Mathematical model 
The Bunsen coefficient ߙ is defined as follows: An oil volume ௢ܸ௜௟ dissolves a specific 
amount of air. If this amount of air molecules was completely extracted from the oil, it 
would fill the volume ௔ܸ௜௥ǡௗ௜௦௦ at standard conditions ( ௦ܶ௧ ൌ ʹͲιܥ, ݌௦௧ ൌ ͳ). The 
proportionality parameter between the oil volume ௢ܸ௜௟ and the air volume ௔ܸ௜௥ǡௗ௜௦௦ is 
called the Bunsen coefficient. Since the solubility of air increases with higher pressure 
݌ଶ, the amount of dissolved air and therefore the air volume ௔ܸ௜௥ǡௗ௜௦௦ increases, too. The 
described relation is given in Equation (1) /9/.  
௔ܸ௜௥ǡௗ௜௦ ൌ ߙ
௣
௣ೞ೟ ௢ܸ௜௟
 (1) 
Using the ideal gas equation the dissolved air mass at the initial state is expressed by 
equation (2). 
 ݉௔௜௥ǡௗ௜௦ǡ௦௧ ൌ ߙ
௣ೞ೟
ோ ೞ்೟ ௢ܸ௜௟
 (2) 
Due to pressure increase the new dissolved air mass at equilibrium state is expressed 
by equation (3). Since the temperature during the experimental period is approximately 
constant and roughlyܶ ൌ ʹͲιܥ, ଶܶ equals ௦ܶ௧. 
݉௔௜௥ǡௗ௜௦ǡଶ ൌ ߙ
௣మ
ோ మ் ௢ܸ௜௟
 (3) 
The difference in mass between the initial condition and the new equilibrium is given by 
equation (4). Further the oil volume is considered to be pressure independent, because 
the pressure scale is fairly low (ൎ ͳʹܾܽݎ). 
ȟ݉ௗ௜௦ ൌ ݉௔௜௥ǡௗ௜௦ǡଶ െ ݉௔௜௥ǡௗ௜௦ǡ଴ ൌ ߙ
௏೚೔೗
ோ బ்
ሺ݌ଶ െ ݌଴ሻ (4) 
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Since the volume, temperature and pressure of the air above the oil phase are known 
at the initial condition and after the compression, the mass of the air phase at both 
conditions can be calculated and, therefore, the mass difference in the air phase is 
given by equation (5). 
 ȟ݉௔௜௥ ൌ
ଵ
ோ బ்
ሺ݌଴ ௔ܸ௜௥ǡ଴ െ ݌ଶ ௔ܸ௜௥ǡଶሻ (5) 
The mass taken from the air phase has to be exactly the same as the mass dissolved 
by the oil. Hence, equation (4) and equation (5) can be equalized which allows to 
calculate the Bunsen coefficient Ƚ by (6). 
Ƚ ൌ ଵ
௏೚೔೗
௣బ௏ೌ೔ೝǡబି௣మ௏ೌ೔ೝǡమ
௣మି௣బ
 (6) 
3.2. Results for the Bunsen coefficient 
After nine days the pressure is considered to be roughly constant due to limited 
experimental time, although the pressure curves’ slope is evidently not zero. As stated 
in the previous chapter it is remarkable to note, that for the three oil types used in the 
experiment the pressure reaches a value of ݌ ൎ ͷǤͷܾܽݎ. Hence, for all oil types the 
pressure ݌ଶ in equation (6) is the same and, thence, the Bunsen coefficient has the 
same value of Ƚ ൌ ͲǤͲ͹͹. Several Bunsen coefficients taken from literature are 
presented in Figure 4. A comparison is drawn between the examined oils and the 
literature values wherein HLP 46 is compared to mineral oils and sunflower oil with 
other HETG oils. The measured Bunsen coefficient values agree with values taken 
from literature to an accuracy of 11%. 
 
Figure 4: Bunsen coefficients taken from literature 
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4. Diffusion coefficient 
In the first part of this chapter a differential equation for the time dependent pressure in 
the test chamber is derived and solved. In the second part this equation is used to 
calculate the diffusion coefficient regarding the measured pressure distribution. 
4.1. Derivation of the pressure equation  
In order to evaluate the diffusion coefficient using measured data, it is necessary to 
apply the law of transient mass conversion and diffusion theory on the given system. 
The air mass flux which enters the oil has to be the same which leaves the air phase 
(7). Figure 5 shows a model of the given system. 
డ௠ೌ೔ೝ
డ௧
ൌ డ௠೏೔ೞ
డ௧
 (7) 
  
Figure 5: Sketch of the diffusion process between air and oil   
Assuming an isothermal process the change of mass within the air phase is expressed 
by differentiating the ideal gas equation with respect to time (8). 
డ௠ೌ೔ೝ
డ௧
ൌ డ௣
డ௧
௏
ோ்
ൌ ሶ݉ ௔௜௥ǡ௜௡ᇩᇭᇪᇭᇫ
଴
െ ሶ݉ ௔௜௥ǡ௢௨௧ (8) 
The transient diffusion mass flux through a surface ܣ is given by equation (9), wherein 
ܦ is the diffusion coefficient, ߦௌ is the mass fraction of air at the oil’s surface, ߦஶis the 
mass fraction of air far away from the surface.  
డ௠೏೔ೞ
డ௧
ൌ ሶ݉ ௢௜௟ǡ௜௡ െ ሶ݉ ௢௨௧ฑ
଴
ൌ ߩ௔௜௥ܣට
஽
గ௧
ሺߦௌ െ ߦஶሻ (9) 
It is assumed that the air at the oil surface dissolves immediately and, thus, the mass 
fraction ߦௌ can be expressed using the Bunsen coefficient. Furthermore the mass of 
dissolved air in oil can be neglected compared to the oil mass leading to equation (10). 
ߦஶ can be calculated using the same equation inserting pressure ݌଴ instead of ݌. 
݌ǡ ୟ୧୰
ሶ݉
ߦௌ
ߦஶ
ܮ
௢ܸ௜௟
ݔ
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 ߦௌ ൌ
௠೏೔ೞೞ
௠೚೔೗
ൌ ఈ௣
ோ బ்ఘ೚೔೗
 ;ߦஶ ൌ
ఈ௣బ
ோ బ்ఘ೚೔೗
 (10) 
Applying the ideal gas equation to eliminate the density ߩ௔௜௥ in equation (9) and using 
equation (10) the dissolving mass flux is expressed by equation (11). 
డ௠೏೔ೞ
డ௧
ൌ ఈ௣
ோమ బ்
మఘ೚೔೗
ܣට஽
గ௧
ሺ݌ െ ݌଴ሻ (11) 
Since no air mass leaves the test chamber, ሶ݉ ௢௜௟ǡ௜௡ has to be equal to ሶ݉ ௔௜௥ǡ௢௨௧ and (8) is 
equalized with (11) leading to equation (12). 
 డ௣
డ௧
ଵ
௣ሺ௣ି௣బሻ
ൌ െ ஺ఈ
௏ோ బ்ఘ೚೔೗ξగᇣᇧᇤᇧᇥ
஻
ට஽
௧
 (12) 
This differential equation is solved with the method of separation of variables by 
integrating the left side with respect to ݌ and the right side with respect to ݐ. Its solution 
is presented in equation (13), wherein ݌௄ is the pressure at the end of the compression 
process. Finally the diffusion coefficient is calculated by equation (14)  
݈݊ ቀ ௣ି௣బ
௣಼ି௣బ
௣಼
௣
ቁ ൌ െʹܤξܦݐ (13) 
ܦ ൌ ൭
ି௟௡൬ ೛ష೛బ೛಼ష೛బ
೛಼
೛ ൰
ଶ஻ξ௧
൱
ଶ
 (14) 
Equation (13) can also be expressed as shown in (15) to get the pressure distribution 
over time. If ݐ becomes infinite, the pressure asymptotically reaches ݌଴ and at ݐ ൌ Ͳ the 
pressure is exactly ݌௄. 
݌ ൌ ௣బ
൬ଵି൬ଵି೛బ೛಼
൰௘షమಳξವ೟൰
 (15) 
This relationship holds true only if the mass fraction far away from the surface ߦஶ is 
constant which cannot be achieved for an infinite period of time, because the oil 
volume has a finite length. To verify if that assumption is justified for nine days it is 
necessary to estimate the maximum deviation of ߦஶ conservatively. This can be 
achieved by computing a time dependent concentration profile within the oil assuming 
the pressure above the oil phase and consequently the concentration to be constant. 
Two problems arise: The concentration profile cannot be calculated analytically and the 
diffusion coefficient which is needed to calculate it is unknown. 
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4.1.1. Concentration profile 
Regarding the first problem it is necessary to solve Fick’s Second Law (16) numerically 
within the boundaries 0 and L, wherein L is the length of the oil volume. 
 డక
డ௧
ൌ ܦ డ
మక
డ௫మ
 (16) 
An implicit numerical scheme is chosen to solve the equation above. Hence, the partial 
differential equation (16) is converted into a difference equation (17), wherein time 
derivatives are approximated by forward difference quotients and spatial derivatives 
are replaced by a central difference quotient. The length L is discretized in ݇ 
equidistant parts ȟݔ and time is discretized in ݆ equidistant time periods ȟݐ 
క೔
೙శభିక೔
೙
୼௧
ൌ ܦ క೔శభ
೙శభିଶక೔
೙శభାక೔షభ
೙శభ
୼௫మ
 (17) 
This is one equation for the three unknowns ߦ௜ାଵ௡ାଵ, ߦ௜௡ାଵ and ߦ௜ିଵ௡ାଵ , i.e. for the entire 
length ݇ െ ͳ equations with ݇ ൅ ͳ unknowns have to be solved. Since the mass fraction 
values at the boundaries ߦ௫ୀ଴௡ାଵ and ߦ௫ୀ௅௡ାଵ are defined, the number of unknowns is 
reduced to ݇ െ ͳ and the mass fraction distribution for the next time step ȟݐ can be 
calculated solving a system of ݇ െ ͳ coupled equations. It remains to define the 
boundary values.  
As stated before the mass fraction at ߦ௫ୀ଴ is constant and proportional to pressure ݌௄ 
and the Bunsen coefficient. The time dependent mass fraction ߦ௫ୀ௅ is unknown yet, but 
it can be defined applying Fick’s First Law (18) which says that a mass flow rate 
induced by diffusion is given if the mass fraction derivative is not zero. At the position 
ݔ ൌ ܮ, the mass flow rate has to be zero, because air cannot penetrate the test 
chamber’s wall. Hence the mass fraction derivative in space has to be zero. 
Numerically that is equal to ߦ௫ୀ௅௡ାଵ ൌ ߦ௅ିଵ௡ାଵ, thus the system of ݇ െ ͳ equations is 
solvable and the mass fraction distribution can be calculated if the diffusion coefficient 
is known. 
ሶ݉ ൌ െܣߩܦ డక
డ௫
 (18) 
4.1.2. Approximation of the diffusion coefficient 
The diffusion coefficient has to be approximated by an analytical approach using the 
Einstein-Stokes-Equation (19) /8/. Herein ݇஻ is the Boltzmann constant, ܶ is the 
temperature, ߟ is viscosity of the fluid and ܴு is the hydrodynamic radius of the 
molecules diffusing through the liquid.  
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ܦ ൌ ௞ಳ்
଺గఎோಹ
 (19) 
Assuming ܴு, ݇஻ and ܶ to be constant, diffusion coefficients of two different 
substances can be compared with respect to their viscosity relation. Considering the 
diffusion coefficient of air in water is known the diffusion coefficient of air in oil is to be 
estimated by equation (20). 
ܦ௢௜௟ ൌ ܦுమை
ఎಹమೀሺଶ଴ι஼ሻ
ఎ೚೔೗ሺଶ଴ι஼ሻ
ൎ
஽ಹమೀ
ଵ଴଴
 (20) 
By means of a conservative approximation it is estimated to be ܦ௢௜௟ ൎ
஽ಹమೀ
ଵ଴
, because a 
greater diffusion coefficient induces a faster mass fraction increase. Figure 4 shows 
the relative mass fraction కሺ௜ሻ
కಮ
 along the volume length L after nine days. Even with 
regard of conservative assumptions the concentration at the position ݔ ൌ ܮ remains the 
same and therefore equation (12) holds true for the duration of the experiments.  
 
Figure 6: Calculated RMF in the oil after nine days 
4.2. Results for the diffusion coefficient 
Table 1 shows equation (14) evaluated at the given points for HLP46. Firstly, the 
calculated diffusion coefficient values are not constant. Secondly, the analytical value 
for the diffusion coefficient calculated by equation (20) is ܦ௢௜௟ ൎ ʹǤͷ͹ ൈ ͳͲିଵଵ
௠మ
௦
, i.e. the 
measured value is 300 million times greater than the analytical one. 
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time [h] pressure[bar] diffusion coefficient[m2/s] 
1 13.18 0.0135 
2 12.84 0.0087 
5 12.23 0.0042 
24 9.13 0.0030 
Table 1: Calculated diffusion coefficient for HLP46 
5. Conclusion and outlook 
In this paper a test rig and a method to calculate the diffusion and the Bunsen 
coefficient are presented. The measured Bunsen coefficient values agree with values 
taken from literature to an accuracy of 11%. Remarkably all three types of oil have the 
same Bunsen coefficient. The diffusion coefficient values are compared with an 
analytical approach, since the diffusion coefficient for hydraulic oils has not been 
measured yet. The measured value deviates from the analytical approach by a factor of 
300 million. There are two possible reasons for the large deviation:  
1. In the given test rig air dissolves into the oil by diffusion and convection, which 
may be caused by little temperature differences between the upper and lower 
part of the oil volume. Consequently air dissolves much faster than predicted by 
the diffusion theory and the mathematical model has to be reworked. 
2. The Bunsen coefficient of the given oils is greater than expected which causes 
a faster pressure drop according to equation (20). 
To verify these two theses it is necessary to implement a stirrer into the test chamber. 
This would accelerate the dissolving process and reduce the time needed to achieve a 
new equilibrium state after the compression. Hence, the Bunsen coefficient could be 
measured more precisely. The temperature invoked convection can be minimized if the 
test chamber’s volume is reduced. 
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7. Nomenclature 
ܣ Surface m2 
ܦ Diffusion coefficient  m2/s 
ܦுమைǡܦ௢௜௟ Diffusion coefficient of water/oil m
2/s 
݇஻ Boltzmann constant J/K 
ܮ Length m 
݉௔௜௥ Mass of air/ Mass of dissolved air at standard conditions kg 
݉ௗ௜௦ Mass difference kg 
ሶ݉ ௔௜௥ǡ ሶ݉ ௢௜௟  Mass flow rate of air/ Mass flow rate of oil kg/s 
݌ǡ ݌௦௧   Pressure/ Pressure at standard conditions bar 
݌௞ Pressure at the end of the compression process bar 
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ܴ Gas constant J/mol K 
ܴு Hydrodynamic radius m 
ݐ Time s 
ܶǡ ௦ܶ௧ Temperature/ Temperature at standard conditions K 
௔ܸ௜௥ǡ ௔ܸ௜௥ǡௗ௜௦ Volume of air/ Volume of dissolved air at standard condition  m3 
௢ܸ௜௟ Volume of oil m3 
ݔ Length m 
ߙ Bunsen coefficient - 
ߟ Viscosity kg/ms 
ߟுమைǡߟ௢௜௟  Viscosity of water/ Viscosity of oil kg/ms 
ߦ Mass fraction - 
ߦ௦ǡߦஶ Mass fraction of air at the oil’s surface/far away from the 
surface 
- 
ߩ Density kg/m3 
ߩ௔௜௥ǡߩ௢௜௟  Density of air/ Density of oil kg/m3 
 
192 10th International Fluid Power Conference | Dresden 2016
